New measurements of the absorption of filtered gamma-rays from radium (B + C) in alu minium, carbon and lead have been made. A small condenser type of ionization chamber has been used, which overcomes many of the difficulties usually inherent in this kind of measurement. Detailed consideration has been given to the corrections which must be applied to ionization measurements before absorption coefficients can be calculated.
I n t r o d u c t i o n
A number of attempts have been made to determine experimentally the absorption coefficients in lead and other materials of the gamma-rays of radium (B + C), under varying degrees of filtration. Although experimental methods do not differ funda mentally, the results obtained have not been in very good agreement. The nlflaainal work on the subject was carried out by Kohlrausch (1917), and his results have been quoted and used by most workers. Since that time Ahmad (1924a Ahmad ( , 19246, 1925 has made a detailed investigation of the absorption, in a number of materials, of gamma-rays of a fixed quality (1 cm. lead filter). The results of these and other experimenters have been summarized by Rutherford, Chadwick & Elli« (1930) .
The calculation of absorption coefficients from the experimental data involves the evaluation of corrections connected with scattering and with energy absorption in the ionization chamber. With the usual experimental arrangements these cor rections may be large and are difficult to estimate with precision. This leads to some uncertainty in the absolute values of the absorption coefficients. In recent years, due to a large extent to the development of the medical uses of radium, considerable advances have been made in methods of measurement of gamma-rays, and in knowledge of the absorption processes. The purpose of the present work has been to use these methods in an attem pt to eliminate the disturbing factors as far as possible, and where this could not be done, to make reasonably accurate allowances for them. The experiments have been limited to the gamma-rays of radium (B + C), with filtrations up to 5 cm. of lead, using absorbers of lead, aluminium and carbon. Having obtained the absorption coefficients, a further attem pt is made to analyse the results and correlate them with the most recent theories of absorption.
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A p p a r a t u s
General arrangement
The general arrangement of the apparatus for absorption measurements follows the principles laid down by Kohlrausch (1917) . A beam of gamma-rays from a radium source R (figure 1) is canalized by means of a series of heavy lead stops before falling on the ionization chamber C. With the ionization system described below, a high degree of canalization was not required. There is no electrometer or other accessory apparatus in the vicinity, and it was only necessary to prevent excessive scattered radiation from surrounding objects from reaching the ionization chamber. The stops were built up of lead 'bricks', Sx being 8 cm. thick, and S2 a The aperture in Sx was 4 cm. square, and in the other stops 3 cm. square. F to 5 cm. thick could be placed between Sx and S2, while S2 and S3 were separated by 2-5 cm. to take the absorbers. Between S3 and the ionization chamber a heavy lead shutter could be interposed. This consisted of a cube of 10 cm. side mounted on a smooth running trolley, and could be moved quickly in and out of position by hand. The whole system was mounted on a wooden table in the middle of a large room, thus further reducing the possible effects of stray scattered radiation.
A single source with small dimensions and of sufficient strength not being avail able, a composite radium source was used. This was made up of ten platinum tubes of the type used in medical work, and had a total radium content of approximately 100mg. The tubes were mounted on a small brass plate, the radium being spread over an area of about 3 cm. square. The 'cos 0e rror' introdu by this dispersal was negligible. The w all thickness of the radium tubes was 1 mm., and this set one limit to the qualities of radiation available. For most purposes this 1 mm. of platinum was regarded as equivalent in absorption to 2 mm. of lead.
In order to vary the quality of the gamma-ray beam, lead filters were placed in position F (figure 1). A series of eight such filters was used, with thicknesses up to 4 cm., and made up for the most part of sheets of lead 5 cm. square and 0*5 cm. thick. Greater filtrations were possible, but the change in radiation quality obtained hardly justified the additional work involved.
The absorbing materials to be investigated, in the form of 5 cm. square blocks, were placed in position A (figure 1). The main characteristics of the absorbers are shown in table 1 .* A density of 11*36 g./cm.3 indicates a high degree of purity in the lead; the aluminium was high-quality commercial material; the carbon absorber was a block of Acheson graphite. 
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Ionization system
The choice of an ionization system for precision measurements of gamma-rays at a large distance from the radium source presents considerable difficulties, largely owing to the very small currents involved. With the-arrangement shown in figure 1, and using a 100 mg. source, the ionization per c.c. of chamber volume amounts to only 4 x 105 ions/sec. without filtration, falling to 2 x 104/sec. with 4 cm. lead filter. This gives currents between 6 x 10-14 and 3 x 10-15 amp./c.c. of ionized air. To overcome these difficulties, it has been the usual practice to use a very sensitive measuring instrument, together with an ionization chamber of large volume. The latter inevitably introduces difficulties in the interpretation of the results. Some method of integrating the ionic current over a period is ciearly desirable. Develop ments in recent years of the measurement of gamma-ray dosage for medical purposes have shown the very great advantages of the condenser type of ionization chamber introduced by Glasser (1928 ) andSievert (1932 . This consists essentially of a small cylindrical or spherical condenser, with a hole in the outer electrode for nharging and measuring purposes. The inner electrode is charged to a known potential, the chamber closed, and then placed in position for irradiation. After irradiation for a known time the residual potential on the inner electrode is measured by sharing the charge with a calibrated electrometer. So long as the residual potential does not fall below the saturation value for the chamber, the difference between the initial and final potentials is a measure of the ionization produced in the air volume. No measurements are taken during irradiation. There are no leads to be protected from stray ionization, and the electrometer can be kept well away from the radium, again requiring no protection. A further advantage is th at if a wide range of in tensities has to be investigated, the magnitudes of the measured quantities can be kept roughly constant by varying the exposure time. A high degree of insulation between the electrodes is of course necessary, as a guard ring cannot be used.
For the experiments here described, two types of condenser chamber were used, and they are shown in figure 2. The simplest form (figure 2 is as described above. The outer electrode A consists of a cylinder of Acheson graphite with internal dimensions T 3 cm. diameter and T3 cm. long, and wall thickness 0-5 cm. I t is necessary to use a wall of this thickness (the maximum range of the photo-electrons produced by the radiation) in order th at the ionization measured should be pro portional to the incident gamma-ray energy (Mayneord & Roberts 1937) . A 5 mm. hole in the end of the cylinder for charging purposes is closed by a graphite plug. The inner electrode, B, is suspended concentrically with the outer by means of a small Distrene (thermoplastic polystyrene) peg. I t also is made of graphite, 0-9 cm. long and 0-6 cm. diameter, and has a small button of Elektron metal at the lower end to prevent damage to the graphite during charging. The procedure of measure ment was as follows. With the outer electrode earthed, the central electrode is brought into contact with an insulated steel needle, raised to about 120 V. This initial potential is measured on a precision voltmeter. The chamber is then closed and placed in a V-shaped holder in a fixed position in the gamma-ray beam. The time of exposure can be adjusted so that whatever the radiation intensity, the final voltage of the electrode is in the region of 30 V. In these experiments the exposures ranged from 10 min. to 4 hr., the timing errors being extremely small. After irradiation the chamber is removed, and the inner electrode again brought into contact with the steel needle which is now connected to a Lindemann electro meter. The latter is calibrated at a fixed sensitivity, using the same voltmeter as for the initial potential. The difference between the initial and final electrode poten tials is a measure of the total ionic charge collected during the exposure. For most experiments an electrometer sensitivity of 30 div./V was sufficient, the capacity of the electrometer system being about twelve times that of the chamber.
In the second type of chamber (figure 26) a third electrode, C, was introduced. The insulating peg now extends deep into electrode B, and is drilled to take a l mm. thick wire which projects from the back of the chamber. With this arrangement all the electrodes are initially earthed, B, by contact with t placed in the V holder, electrode C is kept at 120 V with respect to A. The ratio of the capacities A to B and B to Ci s such that there is some 80 V across the air space between A and B. On irradiation, electrode B collects
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23-2 the ionic charge, and this is then shared with the electrometer. At the time of sharing, a compensating voltage, finely adjusted by means of a potentiometer, is applied between C and A. A null reading is therefore obtained. Th voltage, read on a precision voltmeter, gives a direct measure of* the integrated ionization during the exposure. Using this chamber, much shorter exposures were possible, but, for the sake of accuracy in timing, were kept in the region of 10 min. No significant differences were found between the results from the two arrangements, but somewhat greater reliance has been placed on those obtained with the second type of chamber.
A large number of measurements were made to test the consistency of the ioniza tion readings obtained with these chambers. For any one set of conditions, the maximum deviation from the mean value rarely exceeded 4 parts in 1000, and the final mean values for the ionizations are probably correct to 2 parts in 1000.
Owing to the very low radiation intensities, maintenance of saturation con ditions in the chambers did not present any difficulties. To test the saturation, the chambers were exposed for increasing periods to the maximum radiation intensity used. With chamber a (figure 2a), the measured intensity (in volts loss per minute) remained sensibly constant until the residual potential fell to 16 V. In practice it was not allowed to fall below 30 V. Chamber b (figure 2 b) will become unsaturated if the charge collected on electrode B reduces the potential difference between A and B too far. The experiments showed no indication of this happening over the range considered. At lower radiation intensities saturation will be even more complete.
As some of the series of measurements were spread over a fairly long period of time, it was necessary to take into account variations in the density of the air in the ionization chamber. All ionization readings were therefore reduced to a standard temperature and pressure. An allowance was also made for the slight loss of charge from the chamber due to insulation leak and natural ionization. To estimate the leak, the chamber was charged to a point midway between the usual initial and final potentials, and allowed to stand for periods up to 24 hr. in the absence of radium. The loss of potential per hour was then observed, and the appropriate correction applied to the ionization readings. For chamber a the usual leak was about 0-3V/hr., so that even on the longest exposures the correction was little more than 1 %. Owing to the shorter exposures used with chamber 6, the natural leak corrections never exceeded 0-2 %, and were usually much less.
D etermination of absorption coefficient
The ideal method for the determination of an absorption coefficient is to measure the slope at the appropriate point on a logarithmic transmission curve in the material considered. In practice, this method presents a number of difficulties, particularly with a heavy element such as lead. The quality of the radiation reaching the ioniza tion chamber varies considerably with the filtration, and to obtain a true energy transmission curve, it is necessary to know precisely the constitution of the beam at all stages, and the ionization function of the chamber. Exact correction for the amount of scattered radiation reaching the chamber is also difficult if a variable absorber thickness is used. Furthermore, there is the purely geometrical difficulty of finding the slope of a curve which in some parts is varying only very slowly. In view of these objections, the method of Ahmad and others, of measuring the per centage transmission through a fixed absorber, of any given radiation beam, has been adopted, the coefficient then being determined by direct calculation. In the case of lead, it was necessary to use two absorbers. W ith lightly filtered radia tion, passage through the 5 mm. lead absorber changed the quality of the beam appreciably, and the measured coefficient was found to decrease somewhat with increasing absorber thickness. For this reason, in the measurements on more heterogeneous beams, the 5 mm. lead absorber was replaced by one of 1*67 mm., giving a closer approximation to the true absorption coefficient.
The choice of absorber thickness is also very closely bound up with the accuracy to which the coefficients can be determined. If x is the probable percentage error in one ionization measurement, then in the percentage transmission there is a probable error of ^{2)x. Assuming exponential absorption, to a first approximation it is clear th at the error in the absorption coefficient is where F is the fraction of radiation absorbed. The lead and aluminium absorbers in the present experiments were chosen to transmit 70-75 % of the radiation. Thus, assuming the ionization measurements are correct to 0-2 %, the values of the absorption coefficients should have a probable error of not more than 1^ %. In the case of graphite the trans mission was 80-85 %, giving an error of some 2 | %. It can also be seen th at the use of the thin lead absorber, except for very heterogeneous beams, although desirable from some points of view could not be justified, owing to the loss in accuracy. I t may be pointed out here that the accuracy of the ionization measurements does not depend to any extent on the radiation intensity. Approximately the same ionic charge is measured each time. This is not the case with the more usual direct measurement of ionization current.
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Apparent absorption coefficients and corrections
The apparent mass absorption coefficients {pip) for carbon and aluminium, as calculated directly from the measured ionization currents, with and without the absorber in position, are shown in the broken curves of figure 36. In the case of lead, the apparent coefficients, thus calculated, are given in column 2 of table 2. To convert these values into energy absorption coefficients in the strict sense, two important corrections must be applied. These involve estimations of the scattered radiation reaching the chamber from filter and absorber, and of the ionization function of the chamber.
2 3-3
Scattered radiation
The forward scattering of radiation into the ionization chamber by the absorber may lead to appreciable errors in the determination of the transmission through the absorber. Kohlrausch partially overcomes this by using large source-absorberchamber distances, but this leads to very low radiation intensities. On the other hand, Ahmad, by taking readings at two absorber positions subtending 20° and 80° at the ionization chamber, extrapolates the results to a condition of zero scattering. Although there are unavoidable uncertainties in this calculation, the results agree fairly well with those of Kohlrausch. Tarrant (1932) has shown that, with the arrangement of figure 1, the correction for scattering is given by where a = hvjmc2and#is the maximum angle of scatter from absorber to chamber. In order to make an approximate check of this formula, two series of absorption measurements were made using different absorber-chamber distances to give 6 = 9|° and 6 -14|°. When corrected in this way for scatter, the values for fijp for the two distances were found to agree within the experimental limits. For the purposes of this correction, the approximate effective wave-lengths of the radiations were estimated from the aluminium absorption data of Kohlrausch, using the KleinNishina formula to connect absorption coefficient and wave-length. Most of the main experiments were carried out with the absorber subtending a half angle of 9|°, though a few results with 6 -14|° are included. The Tarrant correction for scattering takes no account of the absorber thickness, which may reduce the amount of its own scattered radiation. For the 5 mm. lead and the aluminium absorbers, therefore, a further step in the correction is necessary. Tandberg (1937) has shown th at the true transmission through a thick absorber is given by where the correction factor /? = (kdjp) (1 -e~fld) and ke is the fraction of energy scattered between 0° and 0°, the angle subtended by the absorber at the chamber. This formula reduces to that of Tarrant at small absorber thicknesses. According to Tarrant's calculation from the Klein-Nishina formula, the value of ke per electron is given by
Tff>4
Po assess the value of /?, it is necessary to assume approximate values for and the experimental figures, as corrected by the Tarrant formula, were used. As is to be expected, the correction from the Tandberg formula is somewhat smaller than from th at of Tarrant.
Some scattered radiation from the filter will also reach the ionization chamber. I t will, however, form less than 2 % of the beam incident on the absorber, and will have, on the average, a wave-length longer than the main beam by about 0 015 A. The effect of this radiation on the quality of the primary beam can clearly be neglected.
Ionization function of chamber
The estimation of the ionization function of the chamber is perhaps the most troublesome of all the aspects of precise gamma-ray measurements. This involves the determination of the relationship between measured ionization and the energy incident on the chamber. This relationship depends on the absorption in the cham ber wall and in the enclosed air, which, in turn, depend on the wall material and the wave-length of the incident radiation. L. H. Gray (1936) has investigated this problem and shown that, in a small air cavity situated in a block of solid material, the rate of ionization I in the cavity is related to the energy flux E by r _ E (e(Ta + eT)n WPe '
where eaa and er are electronic scattering and photoelectric absorption coefficients for the wall material, n is the number of electrons per unit volume of air, W is the energy required to produce one ion pair, pe is the ratio of the electronic stopping powers of the wall material and the gas.
This relationship is subject to the conditions that the dimensions of the air cavity are small compared to the photoelectron range in air, and that the wall thickness is at least equal to the maximum range of electrons produced in the wall material. I t is clear that the large type of electroscope or large-volume ionization chamber commonly used for gamma-ray measurements cannot fulfil these conditions. In an analysis of Kohlrausch's experimental results, Sizoo & Williams (1938) have assumed that all the ionization was due to air absorption. This is unlikely to be correct, as the design of the chamber is such that the lead walls must contribute appreciably to the ionization. Ahmad (1924a) attempted to absorb the greater part of the radiation in the ionization chamber by introducing iron and lead plates. As has been pointed out by Stoner (1929), this does not entirely answer the problem, and the calculation of the ionization function is greatly complicated. Stoner (1929) has carried out this calculation with reasonably satisfactory results. On the other hand, J. A. Gray (1927), using a wood and graphite electroscope, measured the absorption of a graphite plate in contact with the chamber wall, and then used the coefficient obtained as the ionization function of the electroscope. This approximates more nearly to the method suggested by the theory of L. H. Gray.
The use of a small condenser type of ionization chamber makes it possible to fulfil quite closely the requirements of the above equation. The 5 mm. wall thick ness is greater than the maximum range of the secondary electrons produced in graphite, and the linear dimensions of the air volume are of the order of 1 % of the average electron range in air.
L. H. Gray has shown that W and pe are sensibly constant over a wide range of wave-lengths. Furthermore, for a graphite chamber and the gamma-rays of radium (B + C), photoelectric absorption in the wall is negligible. One can therefore write
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Using the experimental method for the determination of described earlier, this ratio IjE only varies when the mean wave-length of the radiation is changed during absorption. In the cases of carbon and aluminium absorbers this change is negligible, and no correction of the values of pip for ionization function is necessary. For the lead absorbers we obtain the percentage energy transmission
K I
where ® <7a corresponds to the radiation before absorption, and ecra corresponds to the radiation after absorption. The effective wave-lengths for the determination of e< ra were obtained by the method described later. Although varies only relatively slowly with wave-length, the effect of this variation is greatly magnified in the calculation of absorption coefficients. For the most lightly filtered radiations, the change from ionization to energy ratios may lead to a change of as much as 10 % in the value of pjp for lead. The magnitudes of the scattering and ionization fu corrections at a number of filtrations are indicated in table 2. The correction for scattering in the cases of carbon and aluminium absorbers can be seen from figure 36. 
Corrected absorption coefficients
The finally corrected values for the total mass absorption coefficients (p/p) for aluminium, carbon and lead are plotted as a function of lead filter thickness in figure 3 a, b. In view of the rather different approach to the problem, the results for aluminium agree well with those calculated by Rutherford from the data of Kohlrausch. The new values of pjp for lead are appreciably lower than those given by Rutherford over the whole range. This is very probably due to a more adequate compensation in the present results for chamber ionization function. Lack of this compensation will, in general, tend to give high values for
Although the values of p/p for carbon are subject to greater e than the rest, a comparison of the results for aluminium and carbon forms a useful Gamma-ray absorption 347 filter thickness (cm. lead)
F igure 3a. Absorption of gam m a-rays in lead (corrected values).
filter thick n ess (cm. lead) F igure 36. A bsorption of gam m a-rays in carb o n a n d alum inium . B roken curves, a p p a re n t valu es; full curves, corrected values.
check on the method. In table 3 are shown the values of the absorption per electron (e fi) for a number of radiation qualities. The absorption in carbon and aluminium in this wave-length range is almost entirely by scatter, and hence the absorption per electron should be the same for both elements. Table 3 shows th at this is the case to well within the experimental error. The small difference between the fi\p curves for carbon and aluminium is thus due to the difference in the electronic densities of the two materials. 
Absorption coefficient and wave-length
Structure of the absorption coeffici As there is no photonuclear absorption in the materials used, the total absorption coefficient may be written as a cr t x -= -+ -+ P P P P where crjp is the coefficient corresponding to scattering, r/p corresponds to photoelectric absorption, Xlp corresponds to electron pair formation.
Each of these factors has been investigated theoretically by various authors. Scattering of high-frequency radiation is well accounted for by the formula of Klein & Nishina (1928) , from which values of cr can be calculated.* The validity of the formula over a wide range of wave-lengths has been established by Read & Lauritsen (1936) and others using monochromatic X-rays and gamma-rays. The most recent theoretical treatm ent of the problem of photoelectric absorption is th a t of Hulme, McDougall, Buckingham & Fowler (1935) . They have considered the perturbation of a simple atomic system by a gamma-ray beam, and, with some approximations, have obtained curves connecting the photoelectric coefficient r with the wave-length of the incident beam. Their results are given as graphs of Tatom against 0, where 6 = mc2/hv. For the present purposes the Hulme curve for lead has been used to calculate the values of r/p up to a wave-length of 35 x.u., and extrapolated with the aid of L. H. Gray's (1931) empirical formula up to 50 x.u. Absorption by electron pair formation is only significant for the shorter components of the gamma-rays of radium (B + C), and forms a small percentage of their total absorption. Approximate values of x in this region have been obtained from the * T he w riter is in d e b ted to Mr S. B. O sborn, w ho h as rec alc u lated th e valu es o f e<r to a hig h degree of accuracy, using th e m o st re c e n t values o f th e ato m ic co n stan ts. theoretical work of Bethe & Heitler (1934) . The results of calculations for lead from these three sources are shown for wave-lengths up to 16 x.u. in figure 5a . Further figures over a wider wave-length range are given in column 2 of table 5.
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Effective wave-lengths
Before the experimental results given in figure 3 can be compared with theoretical predictions, it is necessary to make some estimate of the effective wave-lengths of the gamma-ray beams used. Except under extremely heavy filtrations the gammarays of radium (B 4-C) are very heterogeneous, and it does not appear possible to determine a single effective wave-length suitable for all purposes. The most obvious method, as used by a number of workers, is to make use of the aluminium absorption coefficients of the same beams as are used for the measurements on lead. Absorption in aluminium in this region being purely by scatter, the scattering per electron (ecr) can be derived for each radiation quality from the experimental figures. The corre sponding wave-lengths are then found from the Klein-Nishina formula. These wave lengths have, however, a limited application. Strictly they should only be used when absorption by scatter alone of the heterogeneous beams is being investigated. Photoelectric absorption increases much more rapidly with wave-length than scatter, and hence with a heterogeneous beam the longer wave-lengths predominate in determining the coefficients. This leads to a higher effective wave-length. In the case of radium gamma-rays in lead, the problem is more complicated, as both scattering and photoelectric absorption play a part.
In view of these difficulties, an attem pt has been made to adapt the method indicated by Stoner (1929) , and to calculate the effective wave-lengths of filtered gamma-rays from the known data on the spectrum of radium (B + C). This spectral distribution has been investigated by different methods by Skobelzyn (1927 Skobelzyn ( , 1929 and Ellis & Aston (1930) .
Using an expansion chamber, Skobelzyn measured the numbers and velocities of the recoil electron tracks produced within 20° of a narrow pencil of gamma-rays. From each such track the frequency of the original quantum producing it could be deduced. Thus as, according to the Klein-Nishina formula, the number of electrons ejected within 20° of the gamma-ray beam is practically independent of the fre quency, the number of tracks corresponding to any one wave-length gives a measure of the relative number of quanta of that wave-length in the beam. When Skobelzyn's results are plotted as a distribution curve against wave-length, a series of welldefined peaks are observed. Most of these can be quite definitely associated with the known /?-ray spectrum of radium (B -f-C). It is then a comparatively simple m atter to separate the peaks and so estimate the relative number of quanta corresponding to each wave-length in the gamma-ray spectrum. These are shown in column 3 of table 4. To convert these figures into the energy distribution it is only necessary to multiply each value of A Nb y the appropriate hv. In column 5 of table 4, the AEof each spectrum line is given as a percentage of the total emission. Ellis & Aston (1930) determined, by a photographic method, the relative photo electron emission from platinum for each observable line in the gamma-ray spec trum. Their results are given in terms of for each wave-length, where N is the relative number of quanta in that wave-length and is the corresponding k level photo -electric absorption coefficient in platinum. To obtain N it is therefore necessary to make some assumption as to the variation of r with wave-length, but as a first approximation the formula of Hulme, McDougall, Buckingham & Fowler (1935) may be used. For the present purpose this is a disadvantage, making the final comparison of experimental and theoretical results rather uncertain. In this attem pt to deter mine effective wave-lengths, both spectral distributions have been investigated, but to avoid confusion, only the Skobelzyn figures are shown in the accompanying tables. In order to obtain the energy distribution for each filter used in the experiments, one has to reduce AE for each wave-length by the absorption factor appro priate to the filter. The coefficients ( / 1 1) calculated from t have been used. The results of the calculations, giving energy distributions up to 5 cm. lead filtration are shown in table 5. Incidentally, it may be pointed out th a t for each filtration, the sum E A Eg ives the percentage transmission o radiation, and a predicted transmission curve can thus be built up. The filtration used by Skobelzyn (3*5 mm. lead + 2 mm. glass) is taken as equivalent to 4 mm. lead.
Using the energy distributions shown in table 5, it is now possible to estimate the effective wave-length of the radiation for each filtration. The simplest method, as suggested by Mayneord (1933) 5 would be to weight each component according to the energy in that wave-length. Thus v E
Aeff. "
EAE * This takes no account of the type of absorption to which the radiation is to be subjected. If the absorber is a light element, and photoelectric absorption is negligible, the effect of each energy component must be weighted accordingly. From the Klein-Nishina formula it can be shown that, over the wave-length range 5-50 x.u., the scattering absorption coefficient cr is very nearly proportional to A*. Thus, for such an absorber, it is probably more correct to writê
Effective wave-lengths, calculated in this way, are shown in curve A of figure 4. I t was found that the wave-lengths in this curve agreed reasonably well with those obtained from the experimental absorption data for aluminium and carbon, in which all the absorption is by scattering. The wave-lengths thus calculated were used in determining the chamber ionization function.
Gamma-ray absorption 351 Table 5 . Spectral distribution of filtered gamma-rays For photoelectric absorption, the Hulme formula indicates th at the coefficient r is roughly proportional to A2'1 over these wave-lengths. Thus in a material in which the absorption was purely photoelectric
These effective wave-lengths are plotted in curve B of figure 4. They are consider ably higher than those for scattering, particularly at the lower filtrations. It is clear that the effective wave-lengths for absorption in lead lie between curves A and B. A weighted mean of the two is required. The method adopted is, for each filtration, to weight the effective wave-length for photoelectric absorption by the proportion of the total energy which is absorbed, in this way, and similarly with the wave-length for scattering. Thus
where p\ efS is the effective A for photoelectric absorption, and is the effective A for absorption by scattering. Nuclear absorption has been neglected. The wave lengths obtained in this way are shown in curve C of figure 4, and these have been adopted as the most probable values for the radiations used in the experiments. They do not, in fact, differ greatly from the simple mean values mentioned a t the beginning of this section. Identical calculations, using the gamma-ray spectrum of 352 filter th ic k n ess (cm . lead) F igure 4. E ffective w ave-len g th of filtered g am m a-ray s from ra d iu m (B + C) (Skobelzyn IZX^AEY sp ectru m ). C urve .4, sc a tte rin g a b so rp tio n , sAeff = I ------I . C urve B, p h o to e lec tric ab so rp -\ 2JA E J tio n , j,Aefr = l I Z A E/ ' ^u rv e ^ m e an for a b so rp tio n in lead,
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Ellis & Aston, lead to effective wave-lengths which are greater by about 1 x.u. for the same filtration over most of the range. In connexion with the above calculation, it is of interest to observe the variation of the relative proportions of photoelectric and scattering absorption in lead as the primary radiation is more heavily filtered. This is shown in table 6. 
Comparison of theory and experiment
The filtration scale of figure 3 a can now be converted into a estimated from the Skobelzyn spectrum, with the results shown in figure 5a , curve B.
The experimental values for the total mass absorption coefficients in lead are plotted for comparison with those calculated on theoretical grounds in a previous section.
effective w ave-length (x .u .) Although there is fair agreement in the absolute values of at short wave-lengths, the experimental coefficients tend to rise more rapidly with increasing wave-length than the theoretical values. The Klein-Nishina values for the scattering coefficient cr/p have been well established experimentally, and nuclear absorption is negligible above 10 x.u. The photoelectric coefficients have therefore been separated from the rest, and plotted in figure 56. Here the theoretical values are from Hulme et I1935), and the experimental figures have been obtained by subtracting the cal culated {cr/p + x/p) from the measured total coefficient pip. As would be expected, the same tendency is apparent, the experimental values of rjp rising more rapidly with increasing wave-length than the predictions of theory. It is of interest to compare the variations of photoelectric absorption for gamma-rays with th a t observed in the X-ray region. An analysis of the experimental results shows th at they are represented approximately by the formula -= const, x A2'8. P The exponent of A in this formula is in better agreement with the value 2*92 normally found for X-rays than with the more generally accepted 2-2 for gamma-rays, but the proportionality constant is considerably larger. The value 2*8 for the exponent, however, should be accepted with some reserve, as the range of wave-lengths observed in the present experiments is very limited.
There is some evidence th at the Skobelzyn results on the gamma-ray spectrum tend to overestimate the energy content of the shorter wave-length components. This would lead to effective wave-lengths for the heterogeneous beam which are too small. It is unlikely that this can fully account for the difference between theory and experiment shown in figure 5 . Although, as pointed out earlier, the method is not entirely satisfactory, the effective wave-lengths were also calculated using the spectral distribution obtained by the method of Ellis & Aston (1930) , which is insensitive to the shorter wave-lengths. Using these figures (figure 5, curves C), the absolute discrepancy between theory and experiment is somewhat less, though still large. The variation of r/p with wave-length is almost identical whichever spectrum is used, the exponent of A in the equation above again being about 2-8.
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